Methanosarcina acetivorans was cultured in the presence of CdCl 2 to determine the metal effect on cell growth and biogas production. With methanol as substrate, cell growth and methane synthesis were not altered by cadmium, whereas with acetate, cadmium slightly increased both, growth and methane rate synthesis. In cultures metabolically active, incubations for short-term (minutes) with 10 mM total cadmium increased the methanogenesis rate by 6 and 9 folds in methanol-and acetate-grown cells, respectively. Cobalt and zinc but not copper or iron also activated the methane production rate. Methanogenic carbonic anhydrase and acetate kinase were directly activated by cadmium. Indeed, cells cultured in 100 mM total cadmium removed 41-69% of the heavy metal from the culture and accumulated 231-539 nmol Cd/mg cell protein. This is the first report showing that (i) Cd 2+ has an activating effect on methanogenesis, a biotechnological relevant process in the bio-fuels field; and (ii) a methanogenic archaea is able to remove a heavy metal from aquatic environments.
Introduction
Methanogenesis is the pathway by which ion (H + , Na + ) gradients across the plasma membrane are generated to drive ATP synthesis, with the concomitant production of methane as an end product. Methanogens are strict anaerobes belonging to the Archaea domain, which can be found in a broad variety of environments such as anaerobic digesters of sewage treatment plants, landfills, rice paddies, lakes and in the sea sediments, among others [1] . Indeed, these organisms have an essential role in the global carbon cycle by transforming small carbon molecules such as methanol, methylamines, CO 2 +H 2 , formate, CO and acetate into methane. Because heavy metal pollution may develop in some of these habitats, methanogens may be exposed to this environmental stress with the consequent perturbation of the local ecology. Heavy metal pollution of water resources is now a widespread environmental and public health problem, as a result of their elevated toxicity, which may be exacerbated by their potential bio-magnification effect and accumulation throughout the ecological food webs.
Pollution of coastal zones by heavy metals such as Cd, Pb, Hg and Ni, is a major environmental problem in some regions of the world [2] . Once in the marine environment, these contaminants accumulate in sediments [3] . Cadmium ocean pollution and mobilization has increased exponentially up to 300 thousands per decade, where 40% of the total current pollution derives from anthropogenic activities [4] . In some coastal zones in the Gulf of Mexico, up to 2,550 mg L 21 (22.6 mM) of cadmium has been found, a value far higher than permissible [5] . In other seas and oceans around the world, cadmium concentrations up to 20.5 mg L 21 and18, 400 mg g 21 in waters and sediments, respectively, have been determined [4] . These cadmium pollution values highlight the importance of determining the toxicity of cadmium in organisms found in sediments, methanogens among them. Depending on the physicochemical environmental characteristics and microbial metabolism, heavy metal contaminants may be released from sediments back into the water. Under such situations, marine sediments may become a secondary source of pollution.
Most studies of microbial communities in the ocean have focused on bacterial diversity in marine sediments and the longterm impact brought about by heavy metals exposure [6] . There are few works about the toxic effect of heavy metals on methanogens in sludge [7] and laboratory strains [8, 9] . Remarkably, it has been described that low concentrations of heavy metals are not toxic for methanogens in the sludge, but on the contrary they induce increased methane production [10] . This finding has not been further explored and hence the living components of the consortia affected by the metal have not been identified, and the biochemical mechanisms involved have not been elucidated. In the present work, the marine archaeon Methanosarcina acetivorans was used as a model to assess the effect of cadmium on methanogenesis.
Materials and Methods

Chemicals
Acetate kinase from M. thermophila, deoxyribonuclease I from bovine pancreas (DNAse I), acetyl-CoA, coenzyme A, acetyl phosphate, ATP and NADH were purchased from Sigma Chem. (St. Louis, Mo, USA). Phosphoenolpyruvate, pyruvate kinase and NAD + -lactate dehydrogenase (both enzymes from rabbit muscle) were from ROCHE (Germany). Absolute methanol, acetate, and CdCl 2 were of analytical grade.
Growth conditions
Methanosarcina acetivorans C2A strain, kindly provided by Prof. James G. Ferry (Pennsylvania State University, USA), was cultured under anoxic conditions in the regular high salt medium (HS-medium) described elsewhere [11] . Briefly, Milli Q water was placed into an anaerobic chamber (COY laboratory products, Grass Lake, Michigan, USA) filled up with 80% N 2 , 15% CO 2 and 5% H 2 . Then, the following salts were added, in g/L: NaCl, 25.4; NaHCO 3 , 3.8; KCl, 1.0; MgCl 2 , 11; CaCl 2 , 0.2; NH 4 Cl; 1.0 and KH 2 PO 4 , 0.27 and resazurin, 0.001% (w/v) as redox indicator. Vitamin and trace mineral solutions were both added at 1% (v/v) as reported by Sowers et al [12] . Medium was bubbled with the mix of gases describe above for 2-3 h. Next, 120 mM methanol or 100 mM acetate were added as carbon source, followed by 1 g cysteine-HCl (8.2 mM) and 0.25 g Na 2 SN9H 2 O (1.04 mM) to ensure complete chemical reduction of growth media. Final pH was 6.8-7.0. 50 mL of medium were poured into 100 mL serum-like bottles (Virmel, Mexico), sealed with a butyl rubber stopper (Virmel, Mexico) and secured with an aluminum crimp collar (Virmel, Mexico). Medium was autoclaved at 121uC for 30 min. After autoclaving a precipitate was formed in the culture media but disappeared after 24 h, approximately. Cultures were started by adding fresh cell inocula and further incubating at 37uC without shaking. Growth was determined by measuring changes in absorbance at 600 nm.
Metabolites content determination
The concentration of the reduced cysteine and sulfide in the fresh medium was determined post column with DTNB (5, 59-dithiobis-(2-nitrobenzoic acid) by HPLC as described elsewhere [13] . Briefly, 1 mL of fresh medium was taken with a syringe from the anaerobic culture bottles and immediately filtered through a 0.45 mm (pore diameter) filter unit (Millex-HV, Millipore, Ireland) and injected (50 mL) into the HPLC apparatus. The concentration of thiol-groups was calculated by using the DTNB molar extinction coefficient of 13.6 mM 21 cm
21
. Sulfide was also determined spectrophotometrically by the methylene blue formation as described by King and Morris [14] with some modifications: in 10 mL anaerobic bottles sealed with a butyl rubber stopper and secured with an aluminum crimp collar, 23.7 mM zinc acetate, 60 mM NaOH, 0.18 mM N,N-dimethyl-p-phenylenediamine (DMPD) dissolved in 5 N HCl and 0.1 mL of culture medium, or different amounts of sulfide, were added by using a syringe and mixed until homogeneity. Then, 2.8 mM FeCl 3 was added and incubated at room temperature for 30 min for color development (methylene blue formation). Final volume was 2.5 mL. Samples were measured at 670 nm under anoxic conditions in an anaerobic chamber. The sulfide contentabsorbance relationship was linear up to 350 nmol.
Methane production and methanol were determined by gas chromatography (Shimadzu GC2010 apparatus), equipped with a capillary column HP-PLOT/U of 30 m length, 0.32 mm I.D. and 10 mm film (Agilent, USA) and flame ionization detector. Methane standard curve was carried out as reported by Sowers [12] . For determination of extracellular acetate, aliquots withdrawn from cell cultures with acetate were centrifuged. Samples of the cell-free supernatant were diluted with a buffer containing 50 mM Hepes (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 10 mM MgCl 2 and 1 mM EGTA (ethylene glycol tetraacetic acid) at pH 7.5. The mixture reaction assay also contained 5 mM ATP, 2 mM phosphoenolpyruvate, 0.25 mM NADH, and acetate kinase, pyruvate kinase and lactate dehydrogenase, which were added in excess (.5 U, each) to ensure the complete phosphorylation of acetate coupled to NADH oxidation.
Cadmium exposure
To determine the effect of cadmium on growth, acetate and methanol cultures were carried out in the presence of different total CdCl 2 concentrations (0, 1, 10, 25, 50 and 100 mM) and the optical density was determined at 600 nm. Such range of cadmium concentrations has been reported to be toxic for a broad range of microorganisms from fresh [15] and marine waters [16] .
To determine the effect of cadmium on methane biosynthesis, metabolically active cell cultures in the early stationary growth phase with acetate (at the 10-12 day of culture, with 8 mM of remaining acetate) or methanol (at the 3-4 day of culture, with 5 mM remaining methanol), respectively, were initially subjected to depletion of methane formed by gassing the culture bottles with sterile N 2 . Thereafter, 1, 10 or 100 mM total CdCl 2 or other heavy metals (Zn 2+ , Cu
2+
, Hg 2+ , Fe 2+ and Co 2+ ) were added to the cultures and methane production was determined from the head space at different short times up to 12 min. For longer periods of methane synthesis (up to 60 min) in the presence of Cd 2+ , 20 mM acetate was further supplemented to the incubation medium.
Enzyme activity assays
Cell cultures of 750 mL grown on acetate were harvested under anoxic conditions in the early stationary phase by centrifuging at 3,0006g for 10 min and washed once with 4 volumes of a solution containing 50 mM Tris-HCl pH 7.5, 20 mM MgCl 2 and 0.02 mM ZnCl 2 . Then, the cell pellet was re-suspended in lysis buffer (0.1 M Na-phosphate, pH 8.0 plus some grains of DNAse I), stirred strongly for 5 min and centrifuged at 70,0006 g for 30 min. The supernatant (cytosolic fraction; yield 50-100 mg protein) was kept on ice and used immediately for enzyme activities determination. All activities (except for carbonic anhydrase) were determined in the direction of acetate degradation in 50 mM Na 2 -Hepes and 10 mM MgCl 2 buffer at pH 7.0 and 2762uC, in the presence of different CdCl 2 concentrations. In all cases, the reaction assay was started by adding the enzyme (i.e. the cytosol-enriched fraction).
Acetate kinase (AK) activity was determined in cytosolic enriched-fractions of 50-75 mg protein in a reaction medium that also contained 5 mM ATP, 20 mM acetate, 0.2 mM NADH, 2 mM phosphoenol pyruvate and 10 U of both, pyruvate kinase and lactate dehydrogenase. One unit of enzyme (U) is the amount of active enzyme required to transform/produce 1 mmol of substrate/product in 1 min. Phosphotransacetylase (Pta) activity was determined as follows: 3-5 mg of cytosolic protein were incubated in the Hepes-Mg buffer with 5 mM acetyl-phosphate and 160 mM CoA; aliquots were withdrawn at different times (from 5 up to 60 s), mixed with 0.1 M phosphate buffer and 1 mM DTNB and the reaction monitored at 412 nm (representative traces are shown in figure S1 ).
CODH/acetylCoA synthase activity (CODH/AcCoAs) was determined anaerobically by mixing 10-25 mg protein with 80 mM acetyl-CoA and measuring the release of CoA with DTNB at 412 nm. As several different enzymes may release CoA from acetyl-CoA, this activity was also specifically determined by measuring the CO-dependent reduction of methyl viologen as reported elsewhere [12] . Briefly, in an anaerobic sealed bottle the Hepes-Mg buffer +0.5 mM methyl viologen was saturated with CO by bubbling the gas for 30 min (reaction mixture); then, 1.2 mL of reaction mixture was poured into a sealed glass cuvette previously purged with CO. The reaction was started by adding 50 mg of protein and followed at 603 nm. As control of the CODH/AcCoAs activity, the cytosolic fraction was gently mixed with air for 10 min, with the remaining activity being lower than 53% (n = 2) of that determined with saturating CO or acetyl-CoA (representative trace is shown in figure S2) . Also, 0.5 mM sodium cyanide inhibited the reduction of methyl viologen coupled to CO oxidation by 8568% (n = 3) as reported previously for the enzyme from M. thermophila [17] .
Carbonic anhydrase (CA) activity was determined by incubating 2.5-5 mg of cytosolic protein with 100 mM Na-bicarbonate in a sealed 10 mL bottle with rubber stopper. To detect the CO 2 formation, 5 mL of the head space was taken and injected at different times (0, 30, 60 and 120 s) in a gas chromatograph equipped with a Thermal Conductivity Detector. CO 2 formed in assay reaction buffer without enzyme and with boiled enzyme was subtracted from the CO 2 formed with enzyme (representative traces are shown in figures S3 and S4).
Cadmium removal and accumulation
Cells were harvested and washed as indicated above with 200 volumes of a solution containing 50 mM Tris-HCl, 2 mM MgCl 2 and 2 mM EGTA (TME buffer) at pH 7.5; the pellet was resuspended in fresh buffer to give 5-10 mg protein/mL and frozen at 270uC until use. Aliquots of the cell suspension were digested with H 2 SO 4 +HNO 3 (1:3) for 2 h at 100uC and the intracellular cadmium content determined by atomic absorption spectrophotometry (Varian Spectra AA 640).
Ultrastructure analysis
Methanol-grown cells with or without 100 mM CdCl 2 were fixed by immersion in glutaraldehyde (3%, v/v, in phosphate buffer, pH 7.4), after removal from the culture medium, and dehydrated in graded ethanol. Samples of 1 mm 2 containing the cells were cut out in cross section with a diamond knife and embedded in 1:1 epoxy resin. To determine cadmium and sulfur localization inside the cells, atomic-resolution high angle annular dark-field scanning-transmission electron microscopy (HAADF-STEM) was used as reported previously [18] .
The protein content was determined after cells were washed once with TME buffer by the Biuret method with bovine serum albumin as standard as described previously [13] . For the statistical analysis of the data, the Student's t-test or a two way ANOVA and Bonferroni post analyses were performed using the Graph Pad PRISM version 5.01 software.
Results and Discussion
Cadmium solubility and effect on cell growth
Because cysteine and sulfide present in the culture medium bind the cadmium added with high affinity, the soluble free Cd 2+ concentrations were estimated (see Table I ) by using the program Chelator [19] and the following physico-chemical conditions. The concentration of the reduced cysteine and sulfide in the medium determined experimentally were for cysteine 1.760.03 mM and for sulfide 1.2160.4 and 0.9560.03 mM as determined by HPLC Table 1 . Methane production and cadmium accumulation in M. acetivorans cultured on acetate or methanol. (DTNB) and spectrophotometrically (methylene blue), respectively (mean 6 SE, n = 4); the ionic strength = 0.77, pH = 7.0 and temperature = 36uC. The log values of the equilibrium constants (K eq ) for the association of the complexes were 13.4 and 20.13 for Cys-cadmium and Cys-Cd-Cys, and 6.1 for sulfide-cadmium [20] . Cells cultured on methanol showed similar growth either in the absence or presence of up to 100 mM total CdCl 2 ( Fig. 1A and  inset) . With acetate, growth was slightly faster in cultures with 100 mM cadmium during the exponential phase (Fig. 1B and  inset) . To undoubtedly establish that the turbidity increase induced by cadmium was indeed reporting cell growth in acetate cultures, the growth rate (GR) and the duplication time (DT) were determined by using the curve of methane production vs time and assuming that methane production is proportional to the number of living cells present in the culture. The duplication times were similar to those reported previously for M. acetivorans [11] 21 ; n = 5, P,0.05). DT did not significantly changed (2663 versus 2462 h; n = 5) for cells cultured without or with 100 mM Cd, respectively (Fig. 1) . Furthermore, two way ANOVA analyses on the global data showed that cadmium exerted a positive effect on the growth curve with acetate but not with methanol as carbon source (Figs. 1C and 1D) .
The rate of methane production in acetate cultures with 100 mM total CdCl 2 was slightly but significantly higher than in its absence in the time-period from 110 up to 230 h of culture (Fig. 1D) . It is worth noting that the methane yield, at the end of the growth curves (96 and 244 h for methanol and acetate, respectively), was the same under all conditions, because the total amount of carbon source added was identical (Table 1) : 4.160.13 (control) and 4.160.02 mmol methane (+100 mM CdCl 2 ) for methanol and 4.560.3 (control) and 4.760.3 mmol methane (+100 mM CdCl 2 ) for acetate. On the other hand, when 500 mM total CdCl 2 was added to cultures with acetate or methanol as carbon source, no growth or methane synthesis were detected (data not shown) indicating that these high cadmium levels were indeed extremely toxic to the cells.
Effect of cadmium on methane synthesis
For short-term experiments, cultures of cells in the early stationary growth phase (10 days for acetate-and 4 days for methanol-grown cells) were incubated with CdCl 2 at 25-27uC. The concentrations of acetate and methanol remaining in the cultures were 863 mM (4006150 mmol acetate; n = 5) and 561 mM (250650 mmol methanol; n = 5), respectively. Under these conditions, cadmium exerted a remarkably stimulating effect on the synthesis of methane in control cells not previously exposed to Cd 2+ ; the most potent activation was reached at 10 mM total CdCl 2 ( Fig. 2A) . Moreover, the rate of the methane production increased 9 and 6.5 fold for acetate-and methanol-grown cells, respectively, in 2 min (Fig. 2B) .
After 10 min of incubation the methane produced, in the absence or presence of 10 mM total CdCl 2 , by stationary acetategrown cells was 1863 and 2664 mmol methane, and after 60 min was 2462 and 4368 mmol methane, respectively (Fig. S5) . Hence, the methane produced was the same regardless the carbon source concentration, sub-saturating or growth-limiting (8 mM acetate, Fig. 2B ) for the 10 min experiments and saturating (20 mM acetate, Fig. S5 ) for the 60 min experiments.
Activation of methanogenesis was not exclusive for cadmium, since also 100 mM of the essential trace metals Co 2+ or Zn 2+ had a similar effect, whereas Cu 2+ and Fe
2+
, also essential trace metals, or Hg 2+ were poor activators of the methane production (Fig. 2C ). These data suggested that the activation of methane production by cadmium was not due to the precipitation of sulfur that may be toxic for the cell, as copper, iron and mercury can also form complexes with sulfur; in fact, insoluble complexes were apparent with iron. A copper inhibitory effect was previously described for methanogenesis derived from anaerobic sludge digestion [10, 21] . On this regard, a positive effect of pM concentrations cadmium on growth presumably due to activation of CA was reported for Thalassiosira weissflogii, a diatom that also comes from the marine habitat [22] . Interestingly, acetate-grown M. acetivorans cells have significant higher AK, Pta, CODH/AcCoAs and CA protein content than methanol-grown cells [23, 24] . Hence, the influence of cadmium on enzymes activities from the upper part of the aceticlastic pathway, which have not been previously determined in M. acetivorans, was here examined (Table 2) .
AK activity was 10 fold lower (see legend to Table 2 for values) than that reported for the enzyme from M. thermophila [25] ; the AK activity slightly increased (25-30%) by 10 mM total cadmium. This cadmium activating effect is intriguing because no metal has been reported to be required for AK activity in M. thermophila [26] . Pta activity under our conditions was 15 times lower than that reported for the enzyme from M. thermophila [27] , whereas the CODH/AcCoAs activity determined in the present work was 10 times higher than that reported for the enzyme from M. thermophila [17] . The last two enzymes were not activated by 0.01-10 mM total CdCl 2 , but they were rather partially inhibited (Table 2) . With a novel strategy to determine CA activity which was based on measuring by gas chromatography the CO 2 produced, the M. acetivorans CA showed a higher activity than that reported by semiquantitative electrometric method at alkaline pH for the M. thermophila enzyme [28] and marked activation by 1-10 mM total cadmium ( Table 2) .
Methanosarcina CA is promiscuous respect to the metal bound into its active centre, because the presence of zinc, cobalt and even iron has been reported for this enzyme in M. thermophila and M. acetivorans [29, 30] . Indeed, the recombinant purified CA showed activity even with Cd 2+ [31] ; hence, cadmium might also be able to bind and activate CA in vivo. Thus, activation of CA and AK by cadmium may be involved in the higher methane production in acetate-grown cells. Another possible explanation for the stimulation of the methane production was that cadmium uncoupled the methanogenic pathway by collapsing the ion gradient across the plasma membrane. However, the total protein determined at the end of culture in cells grown with cadmium suggested that ATP content was not compromised. On the other hand, cadmium activation of methanogenesis suggested metal internalized into cells; hence, the cadmium removal from cultures by cells was determined.
Cadmium removal
Under our culture conditions, in which the cysteine and sulfide concentrations were high, the added micromolar CdCl 2 concentrations yielded free Cd 2+ concentrations in the pM range (Table 1) . It is known that organic and inorganic sulfur may attenuate the toxicity of Cr (VI) in yeasts isolated from industrial wastes [32] . Hence, the low toxicity of cadmium in M. acetivorans may be due to the low free Cd 2+ available in the medium. Nevertheless, cells surprisingly removed up to 70% and 40% of total added cadmium from the medium in the cultures with acetate or methanol, respectively (Table 1) . In this regard, with 100 mM added CdCl 2 , an accumulation of 0.54 and 0.23 mmol cadmium/ mg cell protein (Table 1) was determined for acetate and methanol-grown cells, respectively, which were harvested after 10 or 4 days culture and washed once with an EGTA (e.g., potent metal ion chelating agent)-containing buffer. The cell-free culture medium contained 1.460.1 mM total cadmium. In turn, 0.0460.01 and 0.160.03 mmol total cadmium/mg cell protein were found in the supernatant after the EGTA-washing treatment in acetate-and methanol-grown cells, respectively (i.e., adsorbed Cd 2+ to the cell outer layers), revealing that most of the cadmium associated with the cells was indeed intra-cellularly trapped.
Due to the extremely low free Cd 2+ concentration, it seems likely that the complexes formed between cadmium and sulfur compounds, and not the free Cd 2+ , were the species that preferentially entered into cells (Table 1 ). To further demonstrate that cadmium was indeed inside the cells, methanol-grown cells cultured in 100 mM total CdCl 2 were prepared as previously These experiments were started after thoroughly purging the flasks and adding the indicated CdCl 2 concentrations (time-point equal to zero). (C) Activation of methane synthesis by other heavy metals. Acetategrown cells cultures were incubated for 5 min in the absence or presence of 100 mM of the metals indicated. At t = 0 (before metal addition), the methane remaining in the bottle cultures was 8.861.2 mmol methane per culture. P,0.05 using the Student's t-test for non-paired samples for a vs control (without cadmium or other metal ion); b vs cells exposed to 1 mM cadmium; c vs methanol cultures exposed to cadmium. doi:10.1371/journal.pone.0048779.g002 reported [18] for HAADF-STEM. Although the images were diffused (Fig. S6) , high intracellular contents of electro-dense grains of cadmium and sulfur were definitively identified (Fig. 3) . A similar accumulation profile has been reported for cobalt, where the complexes cobalt-chloride and cobalt-citrate are the forms that preferentially are retained in the granular sludge and affect methane production [33] . Such high capacity for cadmium removal in M. acetivorans suggests that this Archaea may have developed strategies to contend against heavy metals different to those reported for the eubacteria domain, which are mainly based on the extrusion of the metal by means of pumps that use ATP as motive force [34] . It has been documented that an excess of zinc, copper, or cobalt, all essential heavy metals, inhibit methanogenesis [9, 31, 35, 36] . In contrast, cadmium seems to be less toxic for methanogenesis in the granular sludge [10] , although the free metal concentration or the organic complexes formed were not described. In the present study the free Cd 2+ concentration in the culture medium was estimated to be in the pM range. This suggested that M. acetivorans has very high affinity transporters for Cd 2+ or that the metal ion may permeate the plasma membrane as a complex with the external cysteine and sulfur.
Concluding remarks
Despite the very low concentration calculated of free Cd 2+ , this non-essential heavy metal was able to activate a biological process, i.e., methanogenesis in M. acetivorans, due in part to a direct activation of acetoclastic pathway enzymes. M. acetivorans removed and accumulated cadmium; hence, M. acetivorans may become a suitable model for studying the effect of heavy metals on marine methanogens and its mechanisms of heavy metal resistance in the Archaea domain. Moreover, further optimization of the enhanced methane production by cadmium, and other heavy metals, may place this process in the biotechnological leading frontier for generation of biogas. 
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